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Abstract: Iron-silica self-organized membranes, so-called
chemical gardens, behave as fuel cells and catalyze the
formation of amino/carboxylic acids and RNA nucleobases
from organics that were available on early Earth. Despite their
relevance for prebiotic chemistry, little is known about their
structure and mineralogy at the nanoscale. Studied here are
focused ion beam milled sections of iron-silica membranes,
grown from synthetic and natural, alkaline, serpentinization-
derived fluids thought to be widespread on early Earth.
Electron microscopy shows they comprise amorphous silica
and iron nanoparticles of large surface areas and inter/
intraparticle porosities. Their construction resembles that of
a heterogeneous catalyst, but they can also exhibit a bilayer
structure. Surface-area measurements suggest that membranes
grown from natural waters have even higher catalytic potential.
Considering their geochemically plausible precipitation in the
early hydrothermal systems where abiotic organics were
produced, iron-silica membranes might have assisted the
generation and organization of the first biologically relevant
organics.
Introduction
Two of the most critical steps in the emergence of life on
Earth were concentration and oligomerization of the biolog-
ically relevant organic molecules. But, the information
available about water bodies/primitive oceans on Hadean-
early Archean Earth strongly suggests that concentrations of
the abiotic building blocks (e.g. amides, lipids, amino acids,
etc.) were too dilute for significant oligomerization to occur.
To solve this conundrum, adsorption on mineral surfaces has
been put forward as a plausible mechanism for the significant
concentration of the first organic molecules.[1–8] In this
context, multiple studies examined the role of mineral
surfaces in the chemical polymerization reactions that might
have taken place at early Earth, and in the formation of
a proto-cellular membrane by allowing amphiphilic mole-
cules, such as fatty acids, to interact with clays, silica, pyrite,
iron-oxides, iron-sulfides etc., assisting the formation of
a vesicle.[2, 9–14] Based on these, and other works it is now
generally accepted that mineral-mediated membranes may
have provided a geochemical pathway to the transition from
inorganic chemistry to biology.
Among all mineral-mediated pathways that have been
explored so far, those related to chemical gardens, that is,
inorganic, self-organized, metal/sulfide/silica(te) membranes,
hold a special place. Self-organization of metal-silica mem-
branes takes place spontaneously when an alkaline, silicate-
rich solution reacts with a concentrated metal source (e.g.
soluble Me-salt particle or Me-salt solution), due to a reac-
tion-diffusion controlled precipitation process.[15, 16] This leads
to the formation of a diaphragm membrane with compart-
mentalized spaces, separating two very distinct chemical
environments in terms of pH and ions concentrations. It has
been shown that these drastic differences across the mem-
brane generate electrochemical potential and electrical
current, able to endure for several hours/days (as long as
the system remains far from equilibrium), thus, presenting
battery-like properties.[17, 18]
Several studies have paralleled chemical garden forma-
tion to hydrothermal chimneys.[19–23] Indeed, similar proton
and ion gradients may occur across some hydrothermal
chimneys, such as those of the Strytan field in Iceland.[24] Yet,
mineral precipitation in hydrothermal chimneys commonly
occurs due to mixing of the hydrothermal fluids with sea-
water/meteoric water and pressure/temperature decrease,
contrary to the chemical garden membranes precipitation.
In the latter, the cations directly react with silicate (or other
anions) and hydroxide ions to yield metal-silica(te) hydrates.
Nonetheless, these mineral membranes are thought to have
functioned as electron/proton conductors and redox catalysts
at the early Earth hydrothermal vents, and the alkaline silica-
rich, Hadean environments.[6, 21,22, 25] These settings have been
proposed as the niches for the emergence of metabolism.[21,26]
Although a wide variety of synthetic and natural Me-
membranes can be produced (e.g., Co2+-/Ni2+-/Ca2+-/Zn2+-/
La2+-/Cu2+-/Mn2+-/Mg2+-/Cr3+-salts)[27] those made with
Fe2+/3+ soluble particles/solutions are by far the most relevant
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for early Earth geochemistry and prebiotic chemistry. Iron is
the fourth most abundant element in Earths crust that has
been readily available in early Earth (in the reduced form),
being a primary component of the early oceans, sediments
and hydrothermal precipitates.[28–30] The role of ferrous iron in
prebiotic chemistry was recently highlighted by[31] that
demonstrated that by mixing it with pyruvate and glyoxylate
(two products of abiotic CO2 reduction) they can make nine
of the eleven intermediates of the biological Krebs cycle,
including all five universal metabolic precursors, supporting
the theory for a geochemical origin of the metabolism. With
respect to the metal-silica membranes, those made with iron-
salts/-salt solutions have been found to show the highest
battery-like performance, generating more than 550 mV
enduring for several hours.[17, 18a] Moreover, it was demon-
strated that iron membranes can catalyze the condensation of
formamide (CH3NO), a critical intermediate product in
Miller-type reactions thought to be widespread in early
Earth, yielding the four nucleobases of RNA, three amino
acids and several carboxylic acids in a single experiment at
80 8C[7] and the formation of amino acids in presence of
pyruvate (CH3COCO2
).[25] Adding to these, iron-silica
membranes are capable of providing ultraviolet (UV) radi-
ation shielding to the newly forming molecules[32] which is
a critical property considering the higher flux of UV radiation
in early Earth.[33]
Last but not least, understanding inorganic filamentous
iron-silica membranes can be relevant for the distinction of
abiotic from biotic signatures in the rock record, due to their
morphological and chemical resemblance to iron filaments
found in cherts and silica-rich hydrothermal precipi-
tates.[6,34–36]
The geochemical plausibility of the precipitation of these
membranes in natural environments was investigated by
a recent study which demonstrated that iron-silica mem-
branes can form from natural solutions, by replacing the
model silicate media with alkaline, silica-rich spring water
(Ney, CA, USA).[27d] This water of pH 12 containing more
than 4 gL1 of silica, is discharging from a serpentinization
setting and links the laboratory synthesis of the iron-silica
membranes to a geological environment relevant for early
Earth.[6, 27d, 37]
Yet, to fully understand the remarkable catalytic behavior
of the iron-silica filamentous membrane and their putative
role in prebiotic chemical reactions and primitive life
detection studies, it is paramount to have a detailed character-
ization of their internal anatomy, that is, mineral chemistry
and structure. Recent studies reported that these membranes
are composed of a mixture of amorphous metal-silicate/silica
and crystalline iron hydroxides/oxides.[7,18b, 38–43] However, we
still lack information about the precise mineral phases that
make up these nanocomposite membranes and how these
phases are distributed/organized at the nanoscale. Moreover,
there is very little information about the composition of the
natural iron-silica membranes and if the extraordinary
properties of the synthetic membranes can be extended to
the natural ones as well.
To address this knowledge gap we have used a series of
transmission electron microscopy techniques for the study of
the internal structure and mineral chemistry of iron-silica
membranes, made with both model and natural solutions
(Ney water, CA, USA). We show that the membranes are
composed of iron nanophases of akaganeite, goethite and
magnetite and amorphous silica, the properties and structure
of which can be directly related to the catalytic potential of
the membranes. Also, we demonstrate that these inorganic
self-organized membranes can have a bilayer structure.
Provided that geochemical environments considered to be
plausible for the formation of iron-silica membranes on early
Earth were also likely to contain significant amounts of
abiotic organics, our results give grounds to the hypothesis
that these membranes could have played a key role in the
adsorption, condensation and organization of simple organic
molecules on early Earth, while providing electron/proton
conductors and redox catalysts to drive prebiotic reactions.
Results
We performed a scanning transmission electron micros-
copy and spectroscopy study of FIB-milled sections obtained
from model iron-silica membranes, that is, made with soluble
FeII-chloride pellet and sodium silicate solution, and natural
ones, that is, those made using natural water from the Ney
spring, California in place of the silicate solution (see
Supporting Information for details). In the case of the model
membranes, microscopic observation of the FIB sections
showed that the membrane wall is composed of two layers
separated by a sharp boundary (Figure 1A–E).
Elemental mapping of Si, O, Fe, Cl and Na in the model
membrane revealed that the external layer is composed of
silicon dioxide and the internal one of iron-(oxy)hydroxides/
Figure 1. FIB-milled sections of the FeII-silica tubular membranes made
with the model sodium silicate solution and the natural Ney water.
A) FeII-silica tubular membrane made with the model silicate sol.
B) SEM image of the FIB-milled section of the model membrane,
where the layers are shown. The white lines separate the exterior silica
layers from the interior iron-rich layer. C–E) HAADF image and Si, Fe
elemental maps of the model membrane. Notice the sharp boundary
between the exterior silica and interior iron-rich layer. Silica reappears
after the iron-rich part. F) FeII-silica tubular membrane made with the
natural water. G) SEM image of the FIB-milled section of the natural
membrane, where the silica-rich and iron-rich layers are shown. The
white lines separate the exterior silica layer from the interior iron-rich
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-oxides. A few sodium chloride crystals, byproducts of the
reaction between the sodium silicate and the iron chloride,
crystalized on the membrane upon drying (Figure 1 C and
Figure S2 in the Supporting Information). Furthermore, both
elemental maps, and line sections, crossing both layers,
demonstrate that there is no transition zone between the
two layers. Hence, no Fe-silicates are formed in the walls of
the membranes.
Si L2,3-edge ELNES characterization (in the energy-loss
range 90–200 eV) of the outer layer of the membrane
confirmed that the external side is composed of amorphous
silica. As indicated in Figure S1 the spectra show the typicaL
L-edges of silica at 106 eV, 113.5 eV and at 130 eV with
respect to reference sample.[44, 45] The inner layer of the
membrane wall, in close contact with the outer layer is
composed of compactly arranged 5–10 nm sized Fe-(oxy)-
hydroxide particles. The HR-HAADF study showed that
these particles correspond to akaganeite (b-FeOOH), con-
taining up to 2% of Cl (Figure 2A,B). Experimental and
simulation data show very high correlation and allow
identification of different planes of the akaganeite crystals.
Figure 2B shows an akaganeite nanocrystal viewed along the
[010] zone axis, where two series of nanotunnels can be
identified, with diameters of 7.5  and 3.5 , respectively.
Moving inwards from the outer wall to the internal part there
is a transition to larger crystals in the range of 50–150 nm
(Figure 2A–C). As shown in Figure 2 D we identified rhom-
bohedral goethite (a-FeOOH) and rhombohedral magnetite
(Fe3O4).
The natural membranes are less rigid and exhibit higher
porosity compared to the model membranes. Likewise, the
external silica part, that is, the outer tube wall, is amorphous
as confirmed by Si L2;3-edge ELNES (Figure S1), but is
thinner than the model membrane (< 1 mm). XEDS mapping
indicated a correlation between Si, O and Fe (Figure 1H–J).
However, this spatial correlation does not correspond to an
iron-silicate zone, rather to iron nanoparticles over the
amorphous silica support. The internal tube wall is composed
of goethite and magnetite platelets with a thickness of  5–
10 nm and an average length of  100–200 nm (Figure 2D,E).
Figure 2. HR-HAADF study and atomic simulations of the internal Fe-rich part of the model and natural membranes. A) Medium magnification
HAADF image of the Fe-rich layer of the model membrane, where compact size crystals develop to elongated larger crystals forming platelets.
B) HR-HAADF image of the compact zone and simulation data showing the akaganeite phase, viewed from the [010] direction. Note the size of
the nanochannels in the akaganeite structure (Cl atoms are not shown here). C) HR-HAADF images of the platelets composed of magnetite and
goethite. D) Medium magnification STEM image of the horizontal section of the Fe-Ney tubular membrane showing the membrane layers.
E) Close up of the internal layer of the Fe-platelets. F) HR-HAADF image, simulation and structural model of (E) depicting the topotactic
transformation of rhombohedral magnetite to rhombohedral goethite.
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Following the tubular membrane growth and allowing the
system to reach equilibrium ( 70 h),[18b] evaporation of the
outer solution and/or CO2 atm diffusion in the sol, provoked
silica supersaturation, inducing silica re-precipitation. There-
fore, since the tubular membranes are hollow, silica reappears
after the iron-oxyhydroxide layer, as shown in the study of
focused ion beam (FIB) milled sections (Figure 1B,G, Fig-
ure S2C and Figure 3). This feature, previously overlooked,
owing to tubes extraction soon after their formation, gives rise
to a bilayer membrane where the external silica layers enclose
the iron nanoparticles (Figure 3). Continuing silica precipita-
tion ultimately encases the tubes in the silica gel, as shown in
Figure S2A.
To estimate the specific surface area (SSA) of the model
and natural membranes that is directly related to their
catalytic performance we used the Brunauer-Emmet-Teller
(BET) (N2) method (according to [46]). Both membranes
exhibit high active surface area. As inferred from the results
of the TEM study and as measured by BET analysis, the
natural membrane has higher specific surface area, 140 m2 g1,
than that of the model membrane, 113 m2 g1. This can be
attributed to the higher intra-particulate porosity of the
natural membrane with respect to the model that exhibited
a more compact structure. However, we should note that BET
analysis tends to underestimate the SSA in case of particle
aggregation, such as in the case of the iron platelets formed in
both membranes, due to certain inaccessibility of nonpolar
gases (e.g., N2) to particle boundaries within aggregates.
[47]
Discussion
The nanoscale study performed here revealed the anat-
omy of the iron-silica filamentous membranes that are made
of amorphous silica layers enclosing an internal layer of
nanosized iron-(oxy)hydroxides. In contrast to previous
studies that reported the presence of a Me-silicate zone,[15,17]
our results show no iron-silicates. This seems to be a result of
limitations in the analytical techniques previously used,
coupled with the presence of amorphous silica that hinders
the identification of the rest of the phases. We should note
that in another ex-situ study of iron-silica gardens (using
a ferrous chloride seed, similar to here) they did not detect an
external silica layer at all,[18b] but they attributed this either to
an isolation artifact or to the tube density with respect to the
size of the silicate species. The sharp transition between the
two layers shown here (Figure 1), is a result of the mechanism
of the membrane growth that compartmentalizes two sides of
distinct physicochemical conditions. As demonstrated else-
where ([18b]) during the tube growth, ferrous iron cations are
trying to penetrate the tube wall from the inside, they oxidize
and precipitate as iron-oxyhydroxides once in contact with
the, high pH, outer silicate solution. Conversely, silicate ions,
following the reverse path, polymerize as soon as they
experience the low pH of the Fe-rich solution and amorphous
silica precipitates on the outer wall of the membrane.
As for the case of the natural membranes, despite growing
them from a natural solution (Ney spring water; see
Table S1), they exhibit a similar make-up to that of the model
ones. Both synthetic and natural membranes show external
amorphous silica layers enclosing an internal iron-oxyhydr-
oxides/-oxides layer. With respect to this internal layer,
goethite and magnetite were present in both membranes,
likely resulting from an akaganeite precursor ([48–52]). Yet,
akaganeite, was only detected in model membranes, in
proximity to the silica layer. The absence of akaganeite from
the natural membranes can be related to the lower silica
concentration of the Ney water, used for their growth (see
Experimental Methods, SI and Table S1). Previous studies
have shown that in alkaline media, silicate is known to retard
the transformation of akaganeite to goethite by stabilization
against dissolution and interference in goethite nucleation.
This is owed to absorption of the silicic acid on the Fe-OH
sites of the akaganeite that commonly replace the Cl in the
outer surface of the structure ([53,54]). Nonetheless, the
absence of akaganeite from the natural membranes does not
Figure 3. Inorganic iron-silica membranes behave as fuel cells and are capable of adsorbing and condensing organic molecules and catalyzing the
formation of amino acids, nucleobases and carboxylic acids, while providing UV radiation shielding. These membranes, that could have
precipitated in the early Earth hydrothermal environments (among other settings), may have provided a template for the concentration and
organization of the first organic molecules in a bilayer membrane.
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seem to affect their catalytic potential since membranes
grown from natural water show higher micro- and nano-
porosity (STEM study) and higher specific surface area, as
shown from the BET measurements. These findings suggest
that membranes precipitating from natural solutions are
potentially better catalysts than the model ones.
Previous work with iron tubes proposed that the electro-
chemical voltage generated across the membrane, owing to
the drastic redox and pH differences of the membrane layers,
might provide catalytic properties to the chemical gardens.
Here we argue that, in addition, the structure and nano-
mineralogy of the iron-silica membranes control the catalytic
function of the membranes. The nanoscale study of the FIB-
milled sections of both model and natural membranes
demonstrated that the composition of the membrane is
similar to that of a heterogeneous catalyst, that is, iron-
(oxy)hydroxides dispersed onto a silica amorphous support.
In fact, silica is considered an ideal substrate for nanoparticle
dispersion in heterogeneous catalysis as it hinders nano-
particle aggregation while increasing the active surface area
of the particles.[40,55–59] Moreover, it has been demonstrated
that at alkaline pH the surface charge density of silica is
negative and the dissociation of the terminal silanol groups
provides an interface where thin films of organics or metals
can be adsorbed and concentrated, thus, enhancing conden-
sation reactions.[55, 60–62]
At the same time, the iron nanoparticles that constitute
the internal wall of the membrane have received great
attention for their catalytic and magnetic performance in
a range of applications. Particularly, akaganeite, magnetite
and goethite are used in phenol hydroxylation, the Fenton
reaction, Michael additions and isomerization, in the manu-
facturing of electric and magnetic materials, water treatment,
labeling and magnetic separation of biological materials,
directed drug delivery and more.[63] Our study showed that the
iron particles of the model and natural iron-silica membranes
exhibit very small particle size (< 10 nm), large surface areas,
high pore volumes and both micro-interparticle and nano-
intraparticle porosity; hence exhibiting high catalytic poten-
tial. Particularly interesting for the role of iron-silica mem-
branes in prebiotic chemistry is the fact that iron nano-
particles catalyze the Fischer–Tropsch (FT) synthesis of
abiotic organic molecules, which has been shown to take
place in submarine hydrothermal vents.[64–66] Adding to this,
a recent study demonstrated that during FT-reactions iron
nanoparticles synthesized on a mesoporous silica support,
similar to the iron-silica membranes, exhibit a strong selec-
tivity for the production of CH4 in presence of H2.
[57,58, 67]
Overall, the self-organized iron-silica membranes bring
together two distinct layers with different physicochemical
and structural properties. The chemical and mineralogical
compartmentalization of the iron-silica membranes make
each layer contribute in a different way in the overall catalytic
performance of the membrane. With respect to the yielding of
amino acids, carboxylic acids and nucleobases molecules by
formamide condensation onto the membranes, we hypothe-
size that the outer silica layer assists formamide or pyruvate
adsorption and condensation, while the simultaneous precip-
itation of at least two different iron-oxyhydroxides in the
internal wall of the membrane may be responsible for the
variety of the organic molecules generated in the internal
environment.[25, 32, 68]
Our results show that under certain, geochemically
plausible conditions (i.e. evaporation, and/or temperature
increase and/or CO2 diffusion in the solution) the iron-silica
membranes exhibit a bilayer structure where the external
silica hydrophilic layers encapsulate the hydrophobic iron-
oxyhydroxides (Figure 3 and Figure S2). This feature is
particularly interesting considering that amphiphilic mole-
cules that could be products of FT reactions in hydrothermal
systems[69,70] show high affinity for both silica and iron-
oxyhydroxides.[55, 59] Furthermore, as shown here (Fig-
ure S2A) continuing silica precipitation will finally encase
the membranes in the silica gel. Taking into account their
geochemically plausible formation in natural environments,
this feature would facilitate their preservation in the rock
record.[71]
Although there is no rock record from the Hadean period,
it is now generally accepted that low temperature (< 250 8C)
hydrothermal serpentinization reactions of ultramafic rocks,
like those occurring at the “Lost City” vents in the Atlantic
Ocean, may generate alkaline fluids with high concentrations
of H2 and CH4 and were widespread on early Earth.
[6,66, 72, 73] In
these type of settings, reaction of the silicate anions with
aqueous ferrous iron, or iron nanoparticles, originating from
high temperature water–rock interactions, or, from runoff/
aeolian erosion of subaerial ultramafic rocks would induce
the precipitation of iron-silica membranes.[27d, 74, 75] Then, the
iron-silica membranes would react with abiotic organics, like
formamide, pyruvate, or CH4, generated from FTreactions, as
a consequence of hydrothermal serpentinization and other
mineral redox processes.[7, 64,66, 70a, 73] In this context, organic
molecules could be adsorbed into the outer silica layer of the
iron-silica membranes, enhancing condensation reactions and
would be brought in contact with the iron catalysts of the
inner layer. Provided that tubular membranes would be
formed, silica re-precipitation (provoked by evaporation,
CO2atm diffusion and/or temperature increase) and following
bilayer formation might have provided an inorganic, self-
organizing, template for the effective oligomerization of the
produced organics and the organization in an organic bilayer
membrane.
Conclusion
We have studied the nanoscale anatomy of FIB-milled
sections of iron-silica membranes, also known as chemical
gardens, grown from both synthetic and natural solutions,
unveiling their structure, mineralogy and catalytic potential.
Our results show that iron-silica self-organized membranes
are built of different nanosized iron-(oxy)hydroxide phases
over an amorphous silica support, similar to the structure of
a silica-based heterogeneous catalyst. Based on our TEM and
BET results we can conclude that mineral membranes grown
from natural spring water, analogous to the early Earth
aqueous settings, may hold even higher catalytic potential for
prebiotic reactions than the synthetic ones. This finding
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supports the geochemical plausibility of the role of mem-
branes in catalyzing the building blocks of life from simple
reactions, such as, formamide or pyruvate condensation, or,
FT-type organics produced in hydrothermal settings. At the
same time, these membranes could have provided an
inorganic template for the concentration and organization
of the organic molecules (once they have formed) in a bilayer
membrane, under a self-organizing mechanism. Since ferrous
iron, silica saturated waters and abiotic organics were thought
to be widespread in early Earth and Earth-like planets (e.g.,
Mars), iron-silica self-organization might have played a uni-
versal role in the geochemical origin of life.[6, 30, 70a, 76–79]
Supporting Information: Experimental Procedures. Fig-
ure S1: Si L2,3-edge ELNES of the external side of the model
and natural membranes matching the a-SiO2 reference
sample (reference after Batson, 1991 EELS Database).
Figure S2: STEM -EDX maps and lines crossing the mem-
branes layers. Table S1: Chemical analysis of the Ney water.
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E. Kotopoulou, M. Lopez-Haro,
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Nanoscale Anatomy of Iron-Silica Self-
Organized Membranes: Implications for
Prebiotic Chemistry
Iron-silica membranes grown from labo-
ratory and natural solutions are made of
iron nanoparticles over amorphous silica,
similar to a heterogeneous catalyst, and
under geochemically plausible conditions
they show a bilayer structure. These
results provide a mineralogical/structural
explanation for their remarkable catalytic
behavior, while relating them to a natural
setting relevant for early Earth geo-
chemistry and prebiotic chemistry.
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